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Abstract An advanced backcross population between an
accession of Oryza rufipogon (IRGC 105491) and the
U.S. cultivar Jefferson (Oryza sativa ssp. japonica) was
developed to identify quantitative trait loci (QTLs) for
yield, yield components and morphological traits. The
genetic linkage map generated for this population
consisted of 153 SSR and RFLP markers with an average
interval size of 10.3 cM. Thirteen traits were examined,
nine of which were measured in multiple environments.
Seventy-six QTLs above an experiment-wise significance
threshold of P < 0.01 (corresponding to an interval
mapping LOD > 3.6 or a composite interval mapping
LOD > 3.9) were identified. For the traits measured in
multiple environments, 47% of the QTLs were detected in
at least two environments. The O. rufipogon allele was
favorable for 53% of the yield and yield component
QTLs, including loci for yield, grains per panicle, panicle
length, and grain weight. Morphological traits related to
the domestication process and/or weedy characteristics,
including plant height, shattering, tiller type and awns,
were found clustered on chromosomes 1 and 4. Compar-
isons to previous studies involving wild � cultivated

crosses revealed O. rufipogon alleles with stable effects in
multiple genetic backgrounds and environments, several
of which have not been detected in studies between Oryza
sativa cultivars, indicating potentially novel alleles from
O. rufipogon. Some O. rufipogon-derived QTLs, howev-
er, were in similar regions as previously reported QTLs
from Oryza sativa cultivars, providing evidence for
conservation of these QTLs across the Oryza genus. In
addition, several QTLs for grain weight, plant height, and
flowering time were localized to putative homeologous
regions in maize where QTLs for these traits have been
previously reported, supporting the hypothesis of func-
tional conservation of QTLs across the grasses.

Keywords Quantitative trait locus (QTL) · Advanced
backcross QTL analysis (AB-QTL) · Rice ·
Domestication · Comparative genetics

Introduction

Rice is a major crop well suited to the identification of
quantitative trait loci (QTLs) across varieties and envi-
ronments. In the past decade a considerable number of
QTLs from Oryza sativa cultivars have been identified
(McCouch and Doerge 1995; Yano and Sasaki 1997;
http://www.gramene.org). The identification of QTLs
represents the first step toward dissecting the molecular
basis of naturally occurring genetic variation for complex
traits of agronomic importance. The study of natural
variation complements work performed using induced
mutants and enhances the functional analysis of plant
genomes (Alonso-Blanco and Koornneef 2000; Yano
2001). The ability to clone the genes underlying QTLs
(Frary et al. 2000; Fridman et al. 2000; Yano et al. 2000;
Takahashi et al. 2001), combined with the importance of
natural variation in evolution, domestication, and modern
plant breeding, creates the impetus for identifying diverse
sets of QTLs in a wide variety of plant species, accessions
and environments.
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Although wild crop relatives have long been used in
plant breeding (Harlan 1976), the use of wild Oryza
species in QTL studies has been slower to develop. The
advanced backcross QTL (AB-QTL) strategy was pro-
posed to identify and transfer agronomically useful QTLs
from wild relatives of crops to increase the genetic base
available to breeders (Tanksley and Nelson 1996;
Tanksley and McCouch 1997). Several studies have been
performed to identify and introgress trait-enhancing
alleles from wild species of rice into high-yielding elite
cultivars. The first such study employed a cross between
an accession of O. rufipogon (IRGC 105491) and the
Chinese indica hybrid V20/Ce64 (Xiao et al. 1998).
Although the O. rufipogon accession was phenotypically
inferior for all 12 traits studied, transgressive segregation
was observed for all traits, and 51% of the QTLs detected
had beneficial alleles from O. rufipogon (Xiao et al.
1998). A second study using an advanced backcross
population between the same O. rufipogon accession and
the upland japonica rice cultivar Caiapo identified
beneficial QTL alleles from O. rufipogon for 56% of
the trait-enhancing QTLs detected (Moncada et al. 2001).
By using a common donor parent in combination with
different cultivars as recurrent parents and examining
diverse environments, QTLs that are stable across a
variety of backgrounds and environments may be iden-
tified.

Employing the presumed wild relative of rice, O.
rufipogon, also provides an opportunity to study morpho-
logical traits under selection during domestication, such
as shattering, dormancy, red pericarp, grain size, and
grain weight. These and other traits comprise the
domestication syndrome shared across all of the grasses
that distinguishes wild and cultivated plants (Harlan et al.
1973). The genetic basis of the domestication process in
several plant species is now being characterized. In
maize, five loci have been identified that can explain most
of the morphological differences between teosinte and
maize, supporting a hypothesis earlier proposed by
Beadle that a small number of loci with large effects
contributed to the evolution of the teosinte progenitor of
modern maize (Beadle 1939; Doebley and Stec 1991,
1993). In common bean, many of the loci controlling
domestication are clustered in just three regions of the
genome (Koinange et al. 1996). In rice, several recent
QTL studies have detected QTLs for domestication-
related traits in two different O. rufipogon accessions and
in a temperate japonica weedy rice (Xiong et al. 1999;
Cai and Morishima 2000; Bres-Patry et al. 2001; Cai and
Morishima 2002). In addition, a comparative QTL study
suggested that there had been convergent selection for
large seeds, reduced shattering, and daylength-insensitive
flowering across rice, sorghum, and maize (Paterson et al.
1995). These studies lead to the hypothesis that selection
at a small number of loci can explain much of the
phenotypic outcome of the domestication process.

In the present study, an advanced backcross population
between the presumed wild relative of rice O. rufipogon
(IRGC 105491) and the U.S. cultivar Jefferson (O. sativa

ssp. japonica) was used to identify QTLs for yield, yield
components, and morphological traits. The objectives of
this study were: (1) to reliably identify regions of the
genome controlling agronomic traits of interest as a
foundation for future characterization of the molecular
mechanisms underlying natural genetic variation; (2) to
identify trait-enhancing alleles from O. rufipogon for
yield and yield components, and selectively introgress
novel genetic variation into the background of an elite
U.S. rice cultivar to provide potentially useful breeding
materials; (3) to identify QTLs that were the targets of
selection during the domestication process, as well as
those considered to confer weedy characteristics in
comparison to cultivated varieties; (4) to determine the
extent of functional conservation of QTLs detected in this
study across other rice cultivars, and in comparison with
maize.

Materials and methods

Population development

The recurrent parent in this study is the O. sativa cultivar Jefferson,
a long-grain tropical japonica cultivar grown in the southern U.S.
(McClung et al. 1997). Jefferson was chosen for this study because
it is a high-yielding variety, with a semi-dwarf plant type, a high
level of disease resistance, early maturity, and good grain quality,
and therefore provides a starting point for further improvement.
The donor parent is an accession of the presumed wild relative of
rice, O. rufipogon (IRGC 105491), which was previously chosen to
be a common donor parent for multiple wild QTL studies (Xiao et
al. 1998; McCouch et al. 2001; Moncada et al. 2001).

Population development was carried out at the Centro Interna-
cional de Agricultura Tropical (CIAT) in Cali, Colombia, begin-
ning with a cross between Jefferson as the female parent, and O.
rufipogon as the male parent. The F1 progeny were backcrossed to
Jefferson, resulting in 166 BC1 seeds, from which 33 BC1 plants
were selected based on phenotype to eliminate non-desirable
characteristics, including very late- or non-flowering types, exces-
sively tall plants, and sterile plants. After a second backcross to
Jefferson, 353 BC2F1 plants were grown under quarantine in a
greenhouse in Beaumont, Texas, and phenotyped for multiple traits.
Selection against shattering and grain dormancy was performed,
and 258 BC2F2 families that showed no shattering or dormancy
were chosen for field trials. The 353 BC2F1 plants grown in the
greenhouse can be traced back to the original 33 BC1 plants with 2–
15 BC2F1 plants per BC1 plant. When the 258 BC2F2 families were
selected for the field, one of the BC1 plants was not represented,
with 1–15 BC2F2 families tracing back to each of 32 BC1 plants.

Field trials

Phenotypic evaluations were made on BC2F2 families grown in
three field environments in the summer of 1998: Beaumont, Tex.,
Alvin, Tex., and Newport, Ark. In Beaumont, Tex., two replicates
in a randomized complete block design were grown in the field by
drill planting, and later thinned to a uniform spacing of 42 plants/
m2. For subsequent analyses, the two replicates were averaged. In
Alvin, Tex., two field trials were conducted, one that was drill
planted, and another that was transplanted. Because different
seeding methods were used, the drilled and transplanted data sets
were subsequently analyzed separately. The third field location was
drill planted in Newport, Ark., with no replication possible due to a
lack of available BC2F2 seed.
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Trait evaluation

Traits were evaluated on BC2F1 individuals in the quarantine
greenhouse, as well as on BC2F2 families (10 plants per family) in
the field. Phenotypic measurements were performed for 13 traits, as
follows: (1) days to heading was evaluated as the number of days
from seeding to until 10% of the panicles had emerged; (2)
spikelets per panicle was calculated as the average total number of
spikelets (florets) per panicle measured on the primary panicle of
each plant; (3) grains per panicle was measured as the average
number of filled spikelets per panicle on the primary panicle of
each plant; (4) percent seed set was determined as the number of
filled grains per panicle divided by the total number of spikelets per
panicle; (5) panicle length was measured as the average number of
centimeters from the panicle neck to the panicle tip, excluding
awns; (6) panicles per plant was calculated as the average number
of panicles per plant at harvest; (7) grain weight was measured as
the average weight of 100 kernels; (8) yield per plant was
determined as the average weight of bulked harvested grain per
plant from at least ten plants; (9) plant height was measured in
centimeters from the soil surface to the tip of the tallest panicle,
excluding the awns; (10) shattering was estimated using five
categories ranging from non-shattering (seeds are difficult to pull
off the panicle) to highly shattering (seeds fall freely without
touching the panicle) at the time of harvest; (11) percent
germination was determined using 30 kernels that had been
harvested 30 days after the panicle had flowered, dried at 45 �C for
4 days, soaked in water for 2 days, and then transferred to moist
filter paper in closed petri dishes for 4 days; (12) awns were ranked
in five categories, from no awns to awns over 1 cm in length; (13)
tiller type consisted of two categories – erect tiller type and lazy
tiller type (greater than 10 degrees from the vertical).

Marker analysis

Tissue was harvested in bulks of approximately 10–15 individuals
from each of 353 BC2F2 families grown in the greenhouse at
Cornell University (Ithaca, N.Y.), and DNA was extracted using a
choloroform-based DNA extraction protocol as described in
McCouch et al. (1988). Marker surveys were first conducted to
identify polymorphic markers from the available rice simple
sequence repeat (SSR) markers (Panaud et al. 1996; Chen et al.
1997; Temnykh et al. 2000). Polymerase chain reaction (PCR)
conditions were as described in Panaud et al. (1996), with the
following modifications: the total reaction volume was scaled down
to 15 ml, and the following thermal cycle profile was used: 94 �C
for 5 min, followed by 35 cycles of 94 �C for 30 s, 55 �C for 30 s,
and 72 �C for 30 s; lastly, 5 min at 72 �C. PCR products were run
on 4% denaturing polyacrylamide gels, followed by silver staining
as described in Panaud et al. (1996).

Genotypic ratios were evaluated for each marker locus using a
chi-square test, with significant deviations from expected ratios
reported at P < 0.01. The expected genotypic frequency was 0.25
for heterozygous BC2F2 families (Jefferson/O. rufipogon) at any
single marker locus and 0.75 for homozygous Jefferson families.
Because tissue from each family was harvested in bulk, homozy-
gous O. rufipogon individuals were not detected, except as they
contributed to the heterozygous BC2F2 class.

The initial linkage map was constructed based on segregation at
104 microsatellite marker loci using mapmaker software (Lander et
al. 1987). Marker orders were confirmed using the published
microsatellite map from Temnykh et al. (2000). Subsequently,
marker surveys for restriction fragment length polymorphisms
(RFLP) for rice and oat RFLP probes were conducted as previously
described (McCouch et al. 1988; Van Deynze et al. 1998). Of the
polymorphic markers, 49 RFLP markers were added to the map
using the mapmaker “try” command to fill gaps and to aid in later
comparisons to previous QTL studies. The genetic distances for the
final map were obtained using the BC2 mapping algorithm with
map manager qtx (Manly and Olson 1999; http://mapmgr.roswell-
park.org/mmQTX.html).

QTL analysis

QTLs were identified using single-point analysis (SPA), interval
mapping (IM) and composite interval mapping (CIM). The primary
analysis using SPA and IM was performed using qgene (Nelson
1997). The QTL detected by SPA and IM corresponded well (data
not shown), therefore only the results from IM are presented. For
the IM analysis, the following parameters were selected: the BC2
population structure, 1-cM intervals, and the Kosambi function. To
identify an accurate significance threshold for each trait, an
empirical threshold was determined for IM using 10,000 permu-
tations for each trait across all 12 chromosomes (Churchill and
Doerge 1994). For IM, the experiment-wise significance level of P
< 0.01 corresponded to an average LOD > 3.60 across traits, while
the level of P < 0.05 corresponded to a LOD > 2.84.

To identify additional QTLs that may have been masked by the
larger QTLs, CIM was employed (Zeng 1994). Automatic cofactor
selection using a forward/backward regression (forward P < 0.01,
backward P < 0.01) was performed with qtl cartographer v1.21
(Basten et al. 1997). Significance thresholds for CIM were
determined using 1,000 permutations for each trait. For CIM, the
experiment-wise significance level of P < 0.01 corresponded to an
average LOD > 3.90, while the level of P < 0.05 corresponded to a
LOD > 2.98. A putative QTL was reported if detected in at least
one environment at an experiment-wise significance threshold of P
< 0.01. QTLs were labeled as significant in multiple environments
if detected in at least one environment at P < 0.01, and in
supporting environments at P < 0.05.

Comparative QTL analysis

To compare the QTL locations from the present study with
previously reported rice QTLs, the results from 32 previous rice
QTL studies were first examined for data on any of the 14 traits to
be compared (see above for descriptions of 13 traits, plus the
additional trait of grains per plant). In total, 509 previously reported
QTLs were found for these 14 traits, and QTLs on the same
chromosome as a QTL in the present study were selected for
detailed comparisons. Three rice genetic linkage maps were used to
compare QTL locations: the Japanese Rice Genome Research
Program RFLP map (Nipponbare � Kasalath; Harushima et al.
1998), the Cornell RFLP map (O. sativa � O. longistaminata;
Causse et al. 1994), and the Cornell SSR map (IR64 � Azucena;
Temnykh et al. 2000). The QTLs were placed on a framework map
based on a cross map comparison between the three rice genetic
linkage maps (S. Harrington, personal communication; http://
www.gramene.org). QTLs were identified as potentially homolo-
gous if there was significant overlap in the QTL intervals being
compared.

Comparisons of rice QTLs from the present study to maize
QTLs were performed for flowering time, plant height, and grain
weight. QTLs from the present study for these three traits that were
detected in at least two environments were chosen for comparison.
Putative homeologous maize segments were identified for each
QTL region using the comparative map of Wilson et al. (1999).
Previously reported maize QTLs from 15 published maize QTL
studies were used for the comparison. Maize QTLs that aligned to
the putative homeologous regions were identified through shared
markers, or by indirect comparisons with the markers on the maize
map of Davis et al. (1999) using both manual approaches and newly
developed comparative map tools in http://www.gramene.org.

Results

Linkage map and marker segregation

The genetic linkage map for this study contained 153
microsatellite and RFLP markers, for a total length of
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1,457 cM (Kosambi) with an average interval size of
10.3 cM. Marker orders for the microsatellites were
identical to the published map with the exception of an
inversion of RM261 and RM307 on the top of chromo-
some 4. For this population, the average genome propor-
tion is 23.2% O. rufipogon and 76.7% Jefferson, and the
average length for O. rufipogon introgressions is 34 cM.
Significant skewing of genotypic classes was observed for

42.5% of the markers used in this study: 33.3% of the
total marker loci were skewed towards the homozygous
Jefferson class, while 9.2% were skewed towards the
heterozygous Jefferson/O. rufipogon class (c2 > 6.6, P <
0.01). Eight chromosomal regions, on chromosomes 1, 2,
4, 5, 6, 7, 8, and 10, contained clusters of skewed markers
with at least one marker in each region showing extreme
distortion (c2 > 20, P < 0.0001; Fig. 1). Of these, only
one, on chromosome 10, showed extreme skewing
towards the heterozygous class.

Trait correlations

Correlations between yield and yield components were
calculated using the transplanted field trial from Alvin,
Tex. as a representative environment, as this was the only
field trial in which every yield component was evaluated.
Correlations for morphological traits were based on
greenhouse data. The strongest positive correlations with
yield in the field environment were panicles per plant,
grains per panicle, and spikelets per panicle (Table 1).
The number of grains per panicle also had a strong
positive correlation with percent seed set, panicle length,
and days to heading. There was a small negative
correlation between grains per panicle and grain weight.
For the morphological traits, strong positive correlations
were found between plant height and panicle length, and a
negative correlation between panicle length and days to
heading (Table 2). In addition, awns were weakly but
positively correlated with shattering, plant height, panicle
length, and grain weight, and negatively correlated with
days to heading.

QTL identification

QTLs were identified for all 13 traits in this study. A total
of 76 QTLs were detected above an empirically deter-
mined experiment-wise significance threshold equivalent
to P < 0.01 (corresponding to an interval mapping LOD >
3.6 or a composite interval mapping LOD > 3.9; Fig. 2;
Tables 3, 4). Nine of the 13 traits were measured across
multiple environments. An experiment-wise significance
threshold of P < 0.05 was used to declare a QTL
significant for supporting environments if a QTL was
already established at the same position in at least one
environment at P < 0.01. For the traits measured in
multiple environments, 47% of the QTLs (28 out of 60)
were detected in at least two environments. The O.
rufipogon allele was favorable for 53% of the yield and
yield component QTLs (Fig. 2, Table 3).

Days to heading

Eleven QTLs were detected for days to heading: the O.
rufipogon allele contributed to earliness at eight loci,
while the O. rufipogon allele caused later heading at three

Fig. 1 Segregation distortion across all 12 rice chromosomes is
shown as c2 values for deviation from the expected segregation
ratio. The first and last markers for each chromosome are indicated
on the X-axis, and c2 values are on the Y-axis. A value of c2 > 6.6
corresponds to P < 0.01. The genotype frequency across all 12
chromosomes is also shown. The proportion of the Jefferson/O.
rufipogon heterozygous class for each marker locus is depicted with
triangles
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loci (Fig. 2, Table 3). The most stable QTL across
environments was dth7.1, detected in all five environ-
ments measured for days to heading, with the largest
effect in Newport, Ark., with 37.7% of the variance
explained by this QTL. The most stable earliness QTL
from O. rufipogon was dth1.1, detected in three environ-
ments, with 14.9% variance explained in the transplanted
Alvin, Tex. trial (Table 3).

Yield components

Grains per panicle

Ten QTLs were detected for grains per panicle: the O.
rufipogon allele increased the number of grains per
panicle at four loci and decreased grains per panicle at six
loci (Fig. 2, Table 3). The most stable QTL across
environments was gpp1.2 at marker RM5, detected in
Alvin, Tex. and Beaumont, Tex. The most significant O.
rufipogon-derived QTL associated with an increase of
grains per panicle was gpp3.1, which explained 12.4% of
the variance in the Alvin, Tex. drilled trial (Table 3).

Spikelets per panicle

Six QTLs were detected for spikelets per panicle: the O.
rufipogon allele increased spikelets per panicle at spp2.1,
spp3.1, and spp9.1, while it was associated with decreased
spikelets per panicle at spp1.1, spp1.2, and spp12.1 (Fig. 2,
Table 3). All of the QTLs for spikelets per panicle

corresponded with QTL regions for grains per panicle
(Fig. 2).

Panicle length

Six QTLs for panicle length were detected, with the O.
rufipogon allele contributing to increased panicle length
at five of the six loci (Fig. 2). The QTL pl1.1 was detected
in three environments, including Alvin, Tex., Newport,
Ark., and the greenhouse, with 28.7% of the variance
explained for this trait in the greenhouse environment
(Table 3).

Percent seed set

Seven QTLs for percent seed set were identified: the O.
rufipogon allele at pss5.1 increased seed set, while the O.
rufipogon alleles the other six QTLs decreased seed set
(Figure 2, Table 3). The most stable QTL was pss4.1,
detected in Alvin, Tex., Beaumont, Tex., and Newport,
Ark., with a maximum R2 of 13.2%.

Grain weight

Eight QTLs for grain weight were identified: the O.
rufipogon alleles at gw1.1 and gw5.1 were associated with
increased grain weight, while the O. rufipogon alleles at
the other six QTLs decreased grain weight (Fig. 2). The
most stable QTL was gw3.1, detected at Alvin, Tex.,
Newport, Ark., and the greenhouse environments, with a
maximum R2 of 17.3%.

Panicles per plant

Two QTLs were detected for panicles per plant in the
single environment for which this trait was measured. The
O. rufipogon allele increased panicles per plant at both
loci, ppl3.1 and ppl7.1 (Table 3).

Table 1 Trait correlations for
the Alvin, Tex. transplanted
field environmenta

Traitb dth pl ppl gpp yld gw pss

pl –
ppl – –
gpp 0.294 0.248 –
yld 0.161 0.176 0.735 0.458
gw – – – –0.257 –
pss – – – 0.434 0.174 –
spp 0.313 0.284 – 0.961 0.446 –0.261 0.180

a P < 0.01
b Abbreviations: dth, days to heading; pl, panicle length; ppl, panicles per plant; gpp, grains per panicle;
yld, yield per plant; gw, grain weight; pss, percent seed set; spp, spikelets per panicle

Table 2 Trait correlations for the greenhouse environmenta

Traitb awn sh tt ph pl gw dth

sh 0.204
tt – –
ph 0.227 – –
pl 0.280 – 0.160 0.573
gw 0.209 0.293 – 0.289 0.214
dth –0.209 0.193 – –0.177 –0.348 –
grm – – – – – – –

a P < 0.01
b Abbreviations: awn, awns; sh, shattering; tt, tiller type; ph, plant
height; pl, panicle length; gw, grain weight; dth, days to heading;
grm, percent germination
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Yield per plant

Five QTLs were detected for yield per plant, with the O.
rufipogon allele increasing yield at yld2.1, yld3.2, yld6.1,
yld9.1, and decreasing yield at yld3.1 (Fig. 2). The
strongest yield QTL, yld3.2, was detected in Alvin, Tex.
and Beaumont, Tex., with an R2 of 16.6% in the
Beaumont, Tex. field trial (Table 3).

Morphological traits

Plant height

Seven QTLs were detected for plant height, with the O.
rufipogon allele increasing plant height at all loci (Fig. 2).
The long arm of chromosome 1 contained a major QTL
for plant height, ph1.2, located between RZ730 and
RG331, with a peak R2 of 47.5% in the greenhouse
environment (Table 4).

Fig. 2 Molecular linkage map with positions of QTLs for 13 traits.
QTLs were detected by interval mapping and/or composite interval
mapping at an experiment-wise threshold of P < 0.01 (correspond-
ing to LOD > 3.6). QTLs detected in multiple environments, with at

least one environment at LOD > 3.6 and supporting environments
at LOD > 2.8, are boxed. QTLs with the desirable allele from O.
rufipogon are in bold
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Shattering

Six QTLs for shattering were identified, with the O.
rufipogon introgression increasing shattering at sh1.1,
sh3.1, sh3.2, sh4.1, sh7.1. For one locus, at sh8.1, the O.
rufipogon allele decreased shattering (Fig. 2).

Percent germination

Three QTLs were detected, with O. rufipogon decreasing
percent germination at all loci: grm1.1, grm4.1, and
grm6.1 (Fig. 2).

Awns

Two QTLs were identified for awns: the O. rufipogon
allele increased awn size at awn4.1 and awn8.1 (Fig. 2).
The QTL on chromosome 4, awn4.1, explained 27.3% of
the variance, compared to an R2 of 7.9% for awn8.1
(Table 4).

Tiller type

Three QTLs were detected for tiller type: with the O.
rufipogon allele contributing to a lazy plant type at all
loci: tt2.1, tt5.1, and tt9.1 (Fig. 2). Thus, except for sh8.1,
all of the QTLs associated with weedy characters were
increased by the presence of O. rufipogon alleles and had
apparently been eliminated in the Jefferson parent.

Discussion

As more QTL data is accumulated in the literature and as
subsequent research begins to build from this data,
stringent criteria for supporting the validity of reported
QTLs are essential. Such criteria include (1) empirically
determined experiment-wise thresholds of significance,
(2) supporting data from multiple replicates and/or
multiple environments for the same population, and (3)
confirmation of QTL effects through near-isogenic lines.
For the present study, to reliably identify QTLs segre-
gating in the Jefferson/O. rufipogon population, the risk
of reporting false positive QTLs (Type-I error) was
minimized using permutation tests to define an empirical
detection threshold at an experiment-wise P-value <0.01.
For the primary QTL analysis, IM was employed,
followed by CIM as a complement to IM to aid in
identifying QTLs that may have been masked by the
effect of the larger QTLs (Zeng 1994). Using the
combined IM and CIM QTLs (at P < 0.01) as a core set
of QTLs, a less stringent experiment-wise significance
threshold of P < 0.05 was used across the other
environments to identify supporting QTLs detected in
different environments at the same loci. Therefore, while
76 independent QTLs were detected at P < 0.01, 60 ofQ
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these were evaluated in multiple environments, and of
those, 28 (47%) were detected in more than one
environment, adding up to a total of 185 QTLs detected
across all environments at P < 0.05 (Tables 3, 4). Two
thresholds for reporting QTLs were chosen because (1) an
experiment-wise threshold of P < 0.01 provides a
stringent level of security against Type-I error and (2) if
there is already strong evidence (P < 0.01) for a QTL in
one environment, this increases the chance that a slightly
less significant QTL (P < 0.05) detected in the same
population but evaluated in another environment at the
same locus is valid (i.e., not a false positive).

Significant segregation distortion, which is the devi-
ation from the expected Mendelian segregation ratio, was
observed in this study for 42.5% of the marker loci
(33.3% of the total markers were skewed towards the
homozygous Jefferson class, while 9.2% were skewed
towards the heterozygous Jefferson/O. rufipogon class).
The amount of distortion was similar to the wild QTL
study between Caiapo and O. rufipogon, which had 28%
skewed towards the recurrent parent and 8.8% skewed
towards the heterozygous class containing O. rufipogon
alleles (Moncada et al. 2001). The segregation distortion
was clustered in eight regions, with extreme skewing
towards the heterozygous Jefferson/O. rufipogon class
apparent only on chromosome 10.

Skewed segregation ratios can result from loci causing
gamete competition or the abortion of male or female
gametes (Sano 1990; Lyttle 1991), or from selection in
the BC1 population. A comparison of the skewed regions
from this study with those seen in previous rice linkage
maps revealed that four regions of distortion were shared
across studies. These include chromosome 2 near RM300
and RG171 shared with one study (Huang et al. 1997),
chromosome 6 near RM276 and RG213 shared with three
studies and possibly linked to numerous sterility and
gametophyte loci (Harushima et al. 1996; Xu et al. 1997;
Doi et al. 1998), chromosome 7 near RM172 and RG351
possibly shared with one study (Xiao et al. 1996), and
chromosome 10 near RM184 and CDO98 shared by two
studies (Harushima et al. 1996; Huang et al. 1997). In
contrast, two other distorted regions, on chromosomes 1
and 4, were not shared across studies but may be
explained by selection at QTLs in those regions. The
skewed segregation on chromosome 1, near RM104 and
RZ801, and on chromosome 4, near RM185 and RZ656,
may be explained by selection against O. rufipogon
alleles at QTLs for plant height that occurred during
development of the BC1 population and shattering which
was selected against following the second backcross. In
addition, one region, on chromosome 5, was shared by
two studies and is potentially linked to the gametophytic
gene ga-15 (t) (Xiao et al. 1996; Huang et al. 1997; Xu et
al. 1997), but also could have resulted from selection
against the plant height QTL in this region. Lastly, one
region, on chromosome 8 near RM337, could not readily
be explained by either linkage with sterility or gameto-
phyte loci or with selection against QTLs.

One of the objectives in the present study was to
identify trait-enhancing alleles from the wild rice relative
O. rufipogon for yield and yield components. In this
study, the O. rufipogon alleles were favorable for 53% of
the yield and yield component QTLs, including loci for
yield, grains per panicle, panicle length, heading date, and
grain weight. This compares to previously reported
proportions of favorable O. rufipogon alleles of 51% for
the V20/Ce64/O. rufipogon hybrid testcross population
(Xiao et al. 1998) and 56% for the Caiapo/O. rufipogon
population (Moncada et al. 2001). Of the four yield QTLs
identified with an increase in yield from the O. rufipogon
allele, yld2.1 and yld6.1 were not linked to any known
negative QTLs and would presumably be directly useful
for developing breeding materials. The third, yld3.2, is
linked to a grain weight QTL where the O. rufipogon
allele decreases grain weight, (potentially compromising
grain quality), while yld9.1 is linked to a QTL that affects
the tiller type and is nearby an O. rufipogon QTL
decreasing grain weight. For these two loci, the yield
QTL may still be useful if negative linkages can be
broken, but may not be useful if these effects are due to
pleiotropy at a single locus causing an increased number
of smaller-sized grains. Additional trait-enhancing QTLs
from O. rufipogon were detected for yield components:
those detected in multiple environments include
dth1.1,dth1.2, dth4.1, and dth10.1 providing early heading
date and gw1.1 providing an increase in grain weight. All
of these QTLs, however, are also linked to negative O.
rufipogon QTLs and would require breaking the negative
linkage before being used in a breeding program.

With three rice wild QTL studies using the same O.
rufipogon accession as the donor parent now completed,
comparisons can be made as to the effects of wild QTLs
in different genetic backgrounds and environments. For
yield and yield components, one potential region in
common between the wild studies is on the long arm of
chromosome 1, where yld1.1 and gpl1.1 were detected by
Xiao et al. (1998) and Moncada et al. (2001), both of
which show increases in yield and grains per plant from
O. rufipogon. Interestingly, the same region in the current
study, at gpp1.2 and spp1.2, shows a decrease in the
number of grains per panicle associated with the O.
rufipogon allele, rather than an increase, possibly indi-
cating a superior Jefferson-derived allele in this cultivated
background (Fig. 2, Table 3). In another instance, the O.
rufipogon allele associated with days to heading, dth1.1,
at RG532 on the short arm of chromosome 1 from Xiao et
al. (1998) increases days to heading, while the O.
rufipogon allele for dth1.1 at RG532 provides earliness
in three environments for the Jefferson/O. rufipogon
population (Table 3). These cases point to the possibility
of an allelic series, where the same O. rufipogon allele is
superior to one cultivated allele, but inferior to another
one. Alternatively, the different genetic backgrounds may
interact with the O. rufipogon allele in different ways.

In many other instances, however, the O. rufipogon
alleles showed the same effects in the different genetic
backgrounds and environments between the three pub-

489



lished rice wild QTL studies. For instance, the O.
rufipogon allele increased grain number at gpp8.1 in this
study and at gpl8.2 in Xiao et al. (1998) at RM210 on
chromosome 8. For panicle length, four QTLs were in
common between the Jefferson and V20/Ce64 popula-
tions, all of which showed an increase in panicle length
from O. rufipogon: pl1.1 at RZ730 on chromosome 1,
pl4.1 above RZ656 on chromosome 4, pl9.1 between
RZ422 and RG358 on chromosome 9, and pl12.1 above
RG901 on chromosome 12 (Xiao et al. 1998; Fig. 2).

For heading date, the O. rufipogon allele increased days
to heading at dth3.1 above RM7 on chromosome 3 in the
Caiapo/O. rufipogon population as reported by Moncada
et al. (2001) as well as in Jefferson/O. rufipogon (Fig. 2).
Likewise, the O. rufipogon allele increased days to
heading at dth7.1 at RG30 on chromosome 7 in both the
Caiapo and Jefferson studies (Moncada et al. 2001; Fig. 2).
Near RZ500 on chromosome 10, Moncada et al. (2001)
reported a sterility QTL, ste10.2, which compares to the
percent seed set QTL, pss10.1, in the Jefferson study, both
of which show decreased seed set associated with the O.
rufipogon allele. In the centromeric region of chromosome
3, near RZ672 and RZ452, both the Jefferson and V20/
Ce64 populations have a QTL where the O. rufipogon
allele decreases grain weight (Xiao et al. 1998; Fig. 2).

For plant height, the O. rufipogon allele increased
plant height in the region on chromosome 1 near RZ730
and RZ801 for all three studies, and all were of large
effect: 44.8% in V20/Ce64/O. rufipogon, 21% in Caiapo/
O. rufipogon, and 33.2% in the present study (Xiao et al.
1998; Moncada et al. 2001; Table 4). In addition, the O.
rufipogon allele also increased plant height for ph8.1 at
RM210 on chromosome 8 and for ph12.1 near RG901 on
chromosome 12 in both the Jefferson and V20/Ce64
populations (Xiao et al. 1998; Fig. 2). Likewise, a QTL
near the end of chromosome 5 was detected in both the
Caiapo and Jefferson populations, although the lack of
shared markers prevents a precise comparison of QTL
location (Moncada et al. 2001). These results confirm the
existence of O. rufipogon-derived QTLs that are signif-
icant in different genetic backgrounds and widely differ-
ent environments, from a hybrid testcross in an irrigated
field environment in China to an inbred cross in an upland
environment in Colombia and an inbred cross in an
irrigated environment in the Southern United States.

Another objective of the present study was to identify
QTLs potentially involved in the domestication process,
such as those associated with shattering, grain dormancy,
and grain weight, as well as those considered to confer
undesirable weedy characteristics in comparison to cul-
tivated varieties, including excessive plant height, awns,
and tiller angle. All of the QTLs detected for these traits
had the expected wild or weedy effect associated with
introgressions from O. rufipogon except for three: two
QTLs for increased grain weight from O. rufipogon
(gw1.1 and gw5.1) and a QTL for reduced shattering from
O. rufipogon (sh8.1; Table 4).

Several clusters of linked domestication and weediness
QTLs were identified, echoing the previous finding of

linked sets of genes conferring the domestication syn-
drome in common bean (Koinange et al. 1996). First, the
region around RZ730 and RZ801 on the long arm of
chromosome 1 contained QTLs for plant height and
shattering. A second cluster is located on chromosome 4,
near RZ656, with QTLs for plant height, shattering, and
awns. Of these, two were QTLs of large effects – the plant
height QTL ph1.1 (R2 = 33.2%) and the QTL for awns,
awn4.1 (R2 = 27.3%). Although these traits do not seem to
be related, it is still possible that a single gene has
pleiotropic effects on all three traits. One precedent for
this is the ttg1 mutant in Arabidopsis that affects three
seemingly unrelated traits: trichome cell-fate determina-
tion, root hair spacing, and anthocyanin secondary
metabolism (Walker et al. 1999; Payne et al. 2000). Fine
mapping of these clusters would be needed to differentiate
between gene linkage and pleiotropy. Four other O.
rufipogon QTLs for shattering, three QTLs for dormancy,
and a QTL of large effect for tiller angle were also
detected, but these were not clustered with other domes-
tication or weediness QTLs.

Comparison of these domestication clusters with other
QTL studies reveals previously reported QTLs in similar
regions. For chromosome 1, two reported QTLs for
shattering overlap the sh1.1 region near RZ801, one from
a weedy japonica (Bres-Patry et al. 2001) and a shatter-
ing-resistant locus induced from an indica (Fukuta 1995).
Two other QTL studies, both employing O. rufipogon as
one of the parents, also located shattering QTLs to the
long arm of chromosome 1, but these are located slightly
above the sh1.1 region and may not be overlapping
(Xiong et al. 1999; Cai and Morishima 2000). In addition,
a major gene for shattering, sh-2, has previously been
mapped to this region (Ogi et al. 1993; Fukuta 1995). In
this same region, 11 other QTL studies have located a
plant height QTL near RZ730 and RZ801 (Fukuta 1995;
Huang et al. 1996; Tan et al. 1996; Wu et al. 1996; Kohn
et al. 1997; Zhuang et al. 1997; Xiao et al. 1998; Yan et
al. 1998; Xiong et al. 1999; Moncada et al. 2001; E.M.
Septiningsih, personal communication). This is the same
region that the semi-dwarf gene sd1 has previously been
located (Cho et al. 1994; Monna et al. 2002; Sasaki et al.
2002). For the chromosome 4 region containing ph4.1,
sh4.1, and awn4.1, a major gene for awns, an-1, has been
reported (Nagao and Takahashi 1963), as well as a QTL
for plant height (Huang et al. 1996). Clusters of QTLs for
domestication traits were also reported by Cai and
Morishima (2002), though there are limited regions
shared with the current study, in part because many of
the traits examined by Cai and Morishima were not
measured in the present study.

Selection for larger grain size is also associated with
domestication in most cereals (Harlan et al. 1973). Eight
grain weight QTLs were identified in this study, with the
dominant O. rufipogon allele contributing to smaller
grains at six of them (Fig. 2). The wild alleles associated
with small grains may have been selected against during
the domestication process to produce the heavier grains of
the cultivated varieties. The locus with the largest effect,
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gw3.1, near the centromere on chromosome 3 (near
RZ672), was also detected in the V20/Ce64 population
(Xiao et al. 1998). It remains to be seen whether the
cultivated allele is similar in both V20, an indica variety,
and Jefferson, which is a japonica variety.

The last objective of this study was to determine the
extent of functional conservation of QTLs across rice
cultivars and across grass genera. Where QTLs are
detected across cultivars, species, and genera, the data
provide an additional level of confirmation for the
existence of conserved genes controlling the traits of
interest. Within Oryza, the O. rufipogon-derived yield
QTL yld2.1 shares the same region as a yield QTL from a
cultivated rice population reported by Lin et al. (1996),
while the QTL yld3.2 is located in the same region as
QTLs for grain number and grain weight per panicle from
Li et al. (1997). The grains per panicle QTL gpp4.1 shares
the same region as a grains per panicle QTL from Xiao et
al. (1995, 1996), as well as a QTL for grain number from
Li et al. (1997).

For panicle length, pl2.1 shares a region with QTLs
from Zhuang et al. (1997) and Wu et al. (1996), while
pl9.1 is in the same region as two other O. rufipogon-
derived panicle length QTLs from Xiao et al. (1998) and
Kohn et al. (1997), as well as a QTL from Xiao et al.
(1995, 1996). The QTL gw1.1, with O. rufipogon
increasing grain weight, shares a region with grain weight
QTLs from Li et al. (1997) and Huang et al. (1997). In
addition, three grain weight QTLs with O. rufipogon
decreasing grain weight also shared regions with previ-
ously reported grain weight QTLs: gw3.1 with Yu et al.
(1997), Li et al. (1997), Xiao et al. (1998), and Li et al.
(2000); gw3.2 with Lu et al. (1997), Li et al. (1997), and
Moncada et al. (2001); gw9.1 with Yu et al. (1997) and
Bres-Patry et al. (2001).

For days to heading, the O. rufipogon-derived QTL for
earliness, dth1.1, shares a region with O. rufipogon-
derived QTLs from Kohn et al. (1997), Xiao et al. (1998),
and Cai and Morishima (2002), with an O. glaberrima-
derived QTL from Doi et al. (1998) and with a cultivated
QTL from Maheswaran et al. (2000). Two QTLs with O.
rufipogon providing lateness were also strongly supported
by previously reported QTLs: dth3.1 with O. rufipogon
QTLs from Xiao et al. (1998) and Moncada et al. (2001),
a weedy japonica QTL from Bres-Patry et al. (2001), and
cultivated QTLs from Xiao et al. (1995, 1996), Li et al.
(1995) and Price et al. (1997); while dth7.1 matches QTLs
from Yano et al. (1997), Maheswaran et al. (2000), and
Moncada et al. (2001). Lastly, the O. rufipogon-derived
plant height QTL ph6.1 matches a QTL from Xiao et al.
(1995, 1996), and the QTL ph8.1 matches QTLs from
Xiao et al. (1998) and from Yan et al. (1999).

On the other hand, O. rufipogon-derived QTLs that
have not been detected in previous QTL studies between
O. sativa cultivars may indicate potentially novel alleles
from O. rufipogon. For example, gpp8.1, with O.
rufipogon increasing the number of grains per panicle,
shares the same region as the O. rufipogon-derived QTL
from Xiao et al. (1998), but not with other previously

reported QTLs. In addition, pss3.1 with O. rufipogon
increasing the percent seed set and the O. rufipogon-
derived earliness QTL dth3.3 also did not share regions
with any cultivar-derived QTL.

In addition to conservation across Oryza cultivars and
species, several QTLs for grain weight, plant height, and
flowering time were localized in putative homeologous
regions in maize, lending credence to the hypothesis of
functional conservation of QTLs across the grasses. For
example, the O. rufipogon grain weight QTL gw1.1,
flanked on the rice map by RZ444 and CDO394 on the
long arm of chromosome 1, shares an inverted homeol-
ogous region with maize chromosome 3, flanked by
UMC175 and UMC60, and including UMC18a. QTLs for
kernel weight in maize in this region on chromosome 3
have been reported by Doebley et al. (1994), Veldbom
and Lee (1994), Paterson et al. (1995), and Austin and
Lee (1996).

For plant height, the O. rufipogon QTL ph1.2, mapped
in rice near RZ444, RZ538, and CDO251, shares
homeologous regions with maize chromosomes 3 (near
BNL10.24a and UMC60) and 8 (near NPI268a and
CSU38b). Two maize QTLs map to this region on
chromosome 3 (Schon et al. 1994; Khairallah et al. 1998),
and two other maize QTLs for plant height map to the
homeologous region on maize chromosome 8 (Austin and
Lee 1996; Khairallah et al. 1998). Lastly, the region
containing flowering time QTL dth3.1, flanked in rice by
CDO20 and CDO1387 and including RZ329, shares a
homeologous region with maize chromosome 9, flanked
by CSU59a and CSU54b and including NPI209a,
BNL14.28a, and BNL5.09a. This region on maize
chromosome 9 contains five previously reported QTLs
for flowering time (Koester et al. 1993; Veldoom et al.
1994; Ribaut et al. 1996; Khairallah et al. 1998; Austin et
al. 2001). Further confirmation of the conservation of
QTLs between rice and maize would require further
mapping of maize probes and candidate genes in rice and
vice versa, and could only be proved once the genes
underlying the QTLs were cloned.

The QTLs detected in this study provide a rich source
of information about the natural genetic variation under-
lying the evolution, domestication, and breeding of rice.
The fine mapping and cloning of selected O. rufipogon-
derived QTLs may ultimately provide the means to
explore the molecular mechanisms underlying quantita-
tive variation in rice and the grasses.
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